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f.dSTRACT 

Shaping operations of silicon, such as sawing, grinding, 
and lapping introduce micro-cracks and abrasion damage into 
silicon. The crystallographic nature of such defects in wafer 
surfaces before and after annealing is discussed. It is shown 
that dislocations and stacking faults are the annealing product 
of micro-cracks. Abrasion damage consists of shear loops. 
Frequently, such shear loops introduce sub-micron cracks due to 
dislocation pile-ups. Sub-micron cracks lead to stacking faults 
in the silicon surface during high temperature annealing. The 
electrical properties of such defects are discussed. It is 
shown that their presence reduces minority carrier lifetime in 
silicon. The effectiveness of damage removal techniques on 
silicon surfaces is also reviewed. Measurements are presented 
that indicate that silicon dioxide polishing of silicon removes 
damage with a minimum of damage propagation. 


INTRODUCTION 

Silicon wafers are produced from cylindrical single crystal 
ingots through mechanical shaping operations, such as grinding, 
sawing, lapping and polishing. The semiconductor industry has 
expanded considerable effort on the subject of producing damage 
free wafer surfaces. This has lead to numerous studies by many 
workers dealing with damage removal techniques, depth of damage 
measurements, crystallographic nature of damage, annealing 
properties jf^^amage, electrical properties of mechanical damage 
and others. Some of the highlights of such studies are 

reviewed in this paper. 

INFLUENCE OF MECHANICAL DAMAGE ON ELECTRICAL PROPERTIES 

f Mechanical damage on silicon surfaces has significant 

: influence on minority carrier lifetime and surface recombination 

velocities of carriers. This is illustrated in Figs, la and lb 
for minority carrier lifetime. Both figures represent MOS C-t 
generation lifetime maps of silicon wafers. Figure la shows 
generation lifetime distributions for a "state of the art" 
silicon dioxide polished wafer. Average lifetime for this wafer 
is 400 psec. The results shown in Fig. lb were obtained by first 
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lightly abrading half of a polished wafer surface and subsequently 
removing 10 lim of the abraded surface by chemical etching before 
TIOS processing. The average lifetime in the damaged wafer half 
is 0.07 nsec as compared to 300 nsec obtained in the undamaged 
part of the wafer. This 4 order of magnitude decrease in life- 
time in the dama^gd part of the wafer is due to dislocations and 
stacking faults. Such defe^t|^are the annealing product of 
mechanical damage in silicon. ’ This subject is discussid in 
the next section of this review. 


CRYSTAI.LOGUAPHIC STimiES OF MF.CHANlCAh OAMAHr 


Detailed analytical studies of mechanical damage in silicon 
wafers are primarily hindered by the complexity of the defect 
state in the wafer surface encountered ^fter conventional sliaplng 
procedures such as sawing and grinding. ‘ The problem of damage 
complexity can be avoided by introducing mechanical damagi into 
crys tl surfaces in a controlled manner. "his be dom most 

effectively using Impact !'ound Stressin;.; (TSS). TFS of silicon 

wafers can reproduce the two basic features of mcchagicol damage 
in silicon such as micro-cracks and abrasion damage. Using ISS 
a detailed study of mechanical damage in silicon surfaces was 
made and the pre- and post-annealing properti^g of cr.icks and 
abrasion on silicon surfaces were determined. Gome highlights 
of these studies are summarized in the following. 


rRE-A:J!JEALi:iG GTUniES nr CRACKS 


A micro-crack in a silicon surface causes three different 
types of lattice distortion: (1) A rotation of both surface 

parts of the fractured wafer surface around an axis perpendicular 
to the surface, (2) A rotation of both surface parts of the 
fractured wafer surface around an axis parallel to the surface and 
parallel to the crack (bending), (3) Translation of the split 
crystal parts by a vector R mainly in (011) or (101) type direc- 
tions surfaces in (111) or (Oil) planes (block 

slip). ’ 

In general all three effects are present simultaneously. 

Thus the lattice distortions overlap and produce a rather compli- 
cated Moire pattern if observed in the transmission electron 
microscope (TEM) . Simple patterns are seen for cracks lying In 
cleavage planes. Such Moires consists of pure translational 
fringes and the crack image looks very much like a stacking fault. 
This similarity is very striking if "closure" of the crack has 
taken place. This is always the case for areas close to the 
crack tip. Examples are given in the micrographs of Figs. 2. 

TEM Moire patterns of crack tips can reveal many interesting 
facts about the crystallogt.-'phic nature of cracks in silicon. 

For instance it can be shown that cleavage at room temperature 
does not Introduce dislocations into the silicon because stresses 
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around the crack tips are not plastically relieved. Consequently, 
crack tips in silicon represent stress centers which anneal out 
at high temperature. The annealing behavior of cracks is dis- 
cussed in the next section. 


POST-ANNEALING STUDIES OF CRACKS 


Typical strain fields associated with crack tips before 
annealing are shown in Fig. 3. High temperature annealing of 
such cracks causes the formation of dislocations outside the 
crack area. An example is shown in the micrographs of Fig. 4 
and reveals dislocation formation around a crack tip after 
annealing in nitrogen. Similar results are obtained for 
annealing in oxygen. 

The simple equation 0 » N.b/D can be used to estimate the 
number of dislocations necessary to relieve the strain connected 
with a crack in the lattice (0 “ lattice tilt due to crack, 

H * number of dislocations, b ■ Burgers vector of dislocation, 

D = spacing between dislocations). The lattice tilt 0 can be 
measured using the Klkuchl technique. For a tilt of approximately 
0.15 degrees, it is calculated that only 6 dislocations are 
necessary to relieve the strain field connected with a micro-crack 
in silicon. This value is in good agreement with the experimental 
findings (Fig. 4). 

’’icrocracks can he annealed out, specifically, if si^gh splits 
are located in {ill} planes. Assuming that "block slip" 
governs crack formation it appears plausible that bonding between 
the silicon atoms in the vicinity of the crack tip is 
re-established through high temperature relaxation. Thus fairly 
large crack areas (micron range) can heal and 60* - and 90* - 
dislocations are the healing product of this process. Sub-micron 
cracks cause a much smaller displacement between the split 
crystal parts and stacking fault nucleation may occur directly 
through rebonding of the silicon atoms if the displacement 
"R" of the free crystal surfaces is of the right order of magni- 
tude. Tills is shown very clearly in the TEM - micrograph of Fig. 

5 and is an important mechanism for the annealing of abrasion 
damage as discussed in the next section. 


PRE-ANNEALING STUDIES OF ABRASION DAMAGl 

Abrasion of silicon surfaces introduces dislocation bands 
into the crystal. A typical example is given in Fig. 6« Such 
dislocation bands are composed of dislocation loops and appear 
in rows oriented along <100>, <110> or ■ 120> directions. However, 
the intersections of all loops with the (001) surface is always 
a <110> direction indicating that the loops are located on (ill) 
glide planes. 

To understand the annealing properties of such dislocation 
bands Burgers vector determination of the dislocations were made 
before annealing. Accordingly, the Burgers vector of the loops is 
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contained in the (111) or (111) plane with Biirpcrs vector (n/2) 
[on] or (a/2) [lOl] . Consequently, these dislocations are nixed 
dislocation loops which lie and expand in the (ill) slip planes. 
Thus thej^oops are not prismatic dislocations, as generally 
assumed, but are of the shear type. 


POST-ANNEALING STUDIES OF ABRASION 


Experimental evidence indicates that annealing of abraded 
silicon surfaces generates stacking faults (Fig. 7). The most 
frequently studied nucleation model for stacking faul^^ relies 
on a dislocation reaction first printed out by Hirscli and 
assumes that mechanical damage produces prismatic dislocations 
which form stacking faults according to the reaction: (a/2) 

[llo] —(a/3) [ill] + (a/6) [ll2] . However, our measurements indi- 
cate that dislocation loops introduced through abrasive damage 
are shear loops. A shear loop cannot dissociate as required by 
the Hirsch reaction. Consequently, the generally accepted pris- 
matic loop nucleation mechanism for oxidation in^|jced stacking 
taults cannot explain stacking fault nucleation. 

An additional result from our abrasion studies is the finding 
that the dislocation bands due to abrasion contain dislocation 
pile-ups, on neighboring slip planes, which are separated by only 
200A. T^g cojjresponding dislocation density can be es|^mated 
to be lOjj/cm*' or higher. Rased on the work of Fujijg , 

Cottrell , and specifically of Abrahams and Fkstrom such 
dense dislocation pile-ups favor micro-crack formation. Conse- 
quently, we must assume that abrasive type of damage produces 
microcracks . 

The cc.tentlon that mlcrosplits in the silicon surface-- 
caused by dislocation pllc-ups -- act as sources for stacking 
fault generation during oxidation, is supported by experimental 
evidence (Fig. 8). ”e have observed many examples of small ''olre 
patterns connected with high density dislocation clusters. Such 
patterns are only 2000A in size or.even smaller and grow into 
stacking faults during oxidation. 


DAMAGE REMOVAL 

It is interesting to note that the agreement between dif- 
ferently m^a^ured values of saw damage deptli published in the 
literature ’ is quite poor, indicating certain difficulties with 
such measurements primarily related to the different measurement 
techniques. In this context it is also noteworthy to observe 
that polishing techniques are generally assumed to be equal in 
terms of "effectiveness" of damage removal. Actually, large 
variations in damage removal and damage propagation are charac- 
teristic for different polishing techniques. This is discussed 
in the following. 

Three polishing techniques are compared: (1) Chemical 

polishing using nitric, acetic •• nd hydrofluoric acid mixtures 
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(fast and slow), (2) Chen-mech cupric ion polishing, (3) Chem- 
mech silicon dioxide polishing. 

The comparison is based on the idea that first mechanical 
damage is introduced Into highly perfect silicon surfaces in a 
controlled manner. Subsequently, the damage removal effectiveness 
of a polishing technique is measured as the amount of material 
necessary to be removed to again obtain a "perfect" surface. The 
damage is introduced through the technique of Impact Sound 
Stressing (ISS). The damag^Q remova 1 is monitored through genera- 
tion lifetime measurements. 

The experimental findings that relate the effectiveness of 
damage removal to the polishing agents are summarized in Fig. 9. 

It is evident that the more mechanical acting polishing 
technique - silicon-dioxide - is the most effective one for damage 
removal. The least effective polish is the slow chemical etch. 
This difference in damage removal rate between chemical and mecha- 
nical acting agents relates to crack propagation during polishing. 
Chemical etching requires removal of at least four times the 
original damage depth as a result of crack propagation during 
etching. Ceneration lifetime of tli^^or iginal surface is not 
recovered through chemical etching. 


SUMMARY 


Basic properties of mechanical damage in silicon consisting 
of cracks and abrasion were studied using transmission electron 
microscopy. The crystallographic structure of mechanical damage 
was determined before and .ifter high temperature annealing. The 
main findings Include that stresses in silicon around crack tips 
arc not plastically relieved at room temperature and that abra- 
sion at room temperature introduces shear loops into the silicon. 
It was also found that cracks of micron size can be annealed out, 
specifically, if cleavage occurs on {ill} planes. The healing 
products of such cracks are 60* and 90* dislocations. Sub-micron 
cracks transform into stacking faults during annealing. T.ikevlf;e 
high c oncen t r . 1 1 ion s of shear loops due to abrasion were found to 
anneal into stacking faults. 'lo direct evidence of the stacking 
fault nucleatlon process was obtained. However, a one to one 
correlation between surface areas containing small cracks and 
stacking faults was made. 

Measurements of damage removal on silicon surfaces through 
chemical-mechanical etching techniques are presented. It is 
shown that silicon dioxide repollshes damaged silicon surfaces 
most effectively. 


293 



REFERENCES 


1 . 

2 . 

3. 

4. 
5 . 


6 . 

7. 

8 . 


9. 

10 . 
11 . 

12 . 

13. 

14. 

15. 

16. 


J. U. Faust, Elcctrochei. Tech., 339, 1964. 

E. . Pugh and I.. E. Sanuels, J. Electrochem. Sue., 10 8 , 

1043, (1964). 

R. Stickler and J. Faust, Electrochem. Tech. 339 , 1 966. 
R. Stickler and C. P. Booker, Phil. ”ag. S, 858, (1063). 

T. M. Ruck, The Surface Chemistry of “etals and Semi- 
conductors, ed. II. C. Catos, p. 107, John E’iley & Sons, 

Inc., Mew York 1960. 

T. M. Buck, J, Electrochem. Soc . 1£9, 1220, (1962). 

C. A. Wolff, J. M. I'ilbur and J. C. Clark, J. Electrochem. 
101, (1957). 

J. W. Faust, in Symposium on Cleaning of Electronic Revice 
Components and Material.s, ASTM Spec. Tech. Pub. 2 46 , p. 66, 
Phil. , PA ( 1959) . 

T. M. Buck and F. S. McKim, J. Electrochem. Soc., 105, 

711 (1958). 

G . H. Schwuttke, Technical Reports No. 4, 7, APR A Contract 
DAHC15-72-C-0274 , published 1976 . 

G. II. Schwuttke, K. 11. Yang, II. Kappert, phys. stat. sol. 

(a) 42, 553, 1977. 

M. J. Hill and D. J. Roweliff, J. Mat. Soc. 9, 1569 (1974). 

P. B. Ilirsch, NPL Conference, HMSO, London 1962, Discussion 
I, page 44. 

F. E. Fujlta, Acta Met. 543 (1958). 

A. II. Cottrell, Fracture, Wiley, New York 1959 , page 24. 

M. S. Abrahams and L. Ekstrom, Act. Met. 8 ^, 654 , (1960). 


294 




ORIGINAL PAGE IS 
OF POOR QUALITY 




I rrwrrmm gg| 



a 



b 


Fig. 1. Generation lifetime maps of silicon wafers, (a) Standard wafer 
after silicon dioxide polishing, (b) Same as (a) only one half 
of wafer surface contains residual mechanical damage. Note 
decrease of lifetime by 4 orders of magnitude in this part. 
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Transmission election 
micrograph of annealed 
crack shcwina ialoca- 


Transmission c’ectron micrograph 
of stacking fault nucleation 
through annealing of microcrack. 
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Transmission electron micrograph of aniealed abrasion 'lainage show 
ing stacking faults. 
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DI8CUSSI0NX 


KOLIHAOt Om of the objoctivot w« hod in Che «rork %re did chree years ego on 
Che nocure and Che effecc of daaage on solar-cell efficiencies in Che 
■ulcib lade-sliced wafers was Co verify wheCher, in face* ChaC damage has 
•icrosplicsy and secondly of course Co verify Che effecC of daaage iCaelf 
on efficiency. We did noc look excensively inco Che exiscence of wicro- 
erackSi buC one of Che «Mys we cried co idenCify Chea was doing exaccly 
whac he showed in Che lasC viewgraph. We did resKtve Che daaage by Sycon 
polish as well as by cheaical ecching. One of our conclusions was ChaC 
for cerCain reaoval of daaage, chere was no difference aC all on Che effi- 
ciency of Che cells froa Che polished infers and Che efficiency of Che 
cells froa Che cheaically reaoved wafers. So whaC we concluded was ChaC 
aaybe Chere were no aicrospliCs in Che aulciblade-sliced wafers and of 
course depCh of daaage icself had an effecc. We also concluded froa Che 
sCudy chac Che efficiency increased up Co Che poinC where we had reaoved 
all daaage, and Chen reaained sCable afcer Chac. So I would like Co know 
if you have any choughes on idieCher Che siaulacion by ISS is general or is 
parCicular for Che plunge cuCCing kind of cechnique? 

SCHWUTTKE: I Chink Che ISS allows you Co do soae real basic sCudies. Ic does 

noC relace Co any parCicular slicing or sawing cechnique. IC allows ae Co 
puC abrasion in a concrolled aanner inCo a surface, and I can do Chis 
before processing. Ic really doesn'c aaccer whac kind of device you use. 

Ic also allows me Co puC splics inCo Che silicon surface, and since we 
know Che annealing propercies of chis Cype of daaage, you can aake a pre- 
diccion of whac effecc ic aighc have on your device characceriscics. I'd 
like CO address whaC you said in your coaaenC. When you did Chese aeasure- 
aencs, you did noc find any influence on solar-cell efficiency. I believe 
as long as you are sacisfied wich a lOZ co 12Z solar-cell efficiency, you 
are noc addressing Che key problea. If you are afcer a beccer Chan 15Z 
aolar cell, Chen Che solar cell is auch aore lifecisa-dependenc. AC 
hi^er efficiencies, Chis irill be very iaporcanc. 

KOLIWAD: Of course we are coaparing Che wafers where Che daauge was reaoved 

firsc cheaically and Chen polished. BuC Che quesCi?" I had was: are we 

righc in assuaing, since our efficiency did noC change wich respecC Co how 
we reaoved Che daaage, chac chere are no aicrospliCs? 

SCHWUTTKE: Mulciblade slicing I would say, if done properly, and in a conCrolled 

way, is a gender Cechnique chan ID slicing. Based on Chis I would say you 
have a beCCer chance Co end up wich a good surface. A wire saw is basically 
a very gende cechnique. I geC concerned if 1 liscen co coaaencs like Che 
lasC cwo days, ChaC everybody pucs his efforC inco speeding up aulciblade 
cuCCing, aulci-wire cuCCing, aany ailes per hour fasCer. So accually, you 
aay approach an ouC-of-conCrol process again, and Chen you will have ocher 
probleas. 

lODTBORT: Does Che foraacion of Chese shear loops depend on Che dopanc level 

of Che silicon? 



SCHUUTTKB: Not so ssich. We have invsstigsted s wid« range of doping, n-type 

and p'type, and in all cases, we find siailar daaage. Very eHich alike. 

NOUTBORT: You know, these abrasion experiaents are really nice because in the 

old days, in the late 'SOs, Hauaner and Alexander deforaed silicon at high 
teaperatures , and they found precisely that the defoiaation characteristics 
depend on the surface finish at rooa teaperature, because they are, of 
course, the source of all the dislocations. 

SCHWUTTKE: I think it's a very neat way of studying daaage in silicon. The 
intent of our experiments was to siaulate, to get a handle on residual 
daaage. We have ttio daaage aodes if you address ID saw daaage. One is a 
unifora dasage, which indicates that you have the controlled ID slicing 
process. Now if you find superiaposed a nonhosK>geneous daaage aode, then 
you know that the process is out of control, and you are dealing with blade 
vibrations. The blade vibrations we found are highly undesirable because 
they are responsible for that treaendous variation in daaage depths. This 
is based on cracking of the aaterial. If you prepare your wafer surface, 
you reaove the original saw daaage, you are left with such splits. Ori- 
ginally you knew the seaiconduc tor industry would deliver slices, and you 
had split concentration of 10^ per square centimeter. It's unbelievable. 
Subsequently, we learned how to do a better job. Out-of-plane vibration 
is something that can be eliminated. Then you should be left with a very 
uniform daaage depth, and so you are in a much better shape from the begin- 
ning. And this is how I interpret Kris Koliwad's experiment. He had a 
much better-controlled slicing process. 

WOLF: I have two other questions . First, we heard from Larry Dyer earlier 

this morning about the split propagation in the (100) cutting direction. 
Would we be better off if %re would be cutting the (111) direction, where 
the crack propagation is more in line with the saw normal force? Would we 
get less penetration sideways off these aicrocracks? The second part is, 
if we go to ductile deformation rather than to brittle erosion, where we 
deal more with plastic deformation, would we also get less damage in the 
wafers? 

SCHWUTTKE: 1 think the application of lubricants of the type discussed in the 

first two papers on Monday is an important aspect of the slicing. Parti- 
cularly if you want to go faster. These things will become very important. 
Orientation dependence in teras of hardness: silicon is a non- isotropic 

swterial, and is softest in the (111) plane. There are tradeoffs from that 
point of view. 

DYER: Both your paper and the one preceding are fundamental to this field. 

They help us understand how to cut the silicon; everybody should appreciate 
that. From one of the statements of Jules (Routbort) and statements of 
yours, a person could get the impression that the plastic deformation nr 
the formation of the shear loops is beneficial to removing silicon. In ay 
view, that aigVt be an incorrect way of looking at it, i.c., if we could 
prevent that, it would probably be better. Thus, we want the direct 
application of the stress to form the cracks, and all that any plaatic 
deformation does is to absorb some of the energy temporarily and make it 
necessary to build up more stresses before the thing finally does the 
cracking that we want. Any plasticity will actually hurt. 
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"Would it better to have ductile behavior?" I doubt it very auch. I 
chink we want it to atay brittle. 

SCHWUTTKB: You will 'tav:* a trade-off. If you stay too brittle and you go too 

fast, you knock the he:i out of silicon and that is no good either. If 
you want to go fast, . ou will be forced to use lubricants. 

DYER: To ae, if yea try tc cut fast through soaething and you try to aake it 

ductile, you get through it all right, but the thing gets bogged down by 
grabbing onto the s' des. 

SCHWUTTKEt I*a not so •such concerned about the ID saw. I think the guys have 
SMde a lot of progress in ID slicing. If I look at the equipaent tie threw 
out several years ago, and take a look at the equipaent we are using today, 
it's like day and night. You probably find the saae thing. You never 
would aake a lOO-oilliaeter slice and show your lifetlae distribution is 
an average of 400. It's not exactly a plateau, but it's coaing close to 
that. I think that is progress in technology. That was unthinkable just 
a few years ago. slicing and coabined chea-aech polishing has aade a 
treaendous leap forward. Using these two techniques, the first a very 
tough one, the second the polishing technique, we can reestablish and 
bring back a basically perfect silicon surface. It's aaasing that this 
can be done. 

DYER: I SMke a distinction between the beneficial nature of having it brittle 

and having the very aany, aany cracks, very saall in depth, and the type 
of brittle you're talking about, where you have big cracks going all the 
way through sowething. So we can actually use the brittle nature of it to 
our benefit. 

SCHWUTTRE: Deformation at rooei temperature of brittle materials like silicon 

is advantageous because we were able to develop polishing techniques that 
will resK>ve this type of damage. Your concern is if we go now to plastic 
deformation at room temperature, by the use of lubricants, we may lose that 
particular benefit. We may not be able to bring back a perfect surface, 
because the plastic deformation process will be out of control. If it is 
a brittle amterial, we seem to be able to control the plastic deformation 
to the contact point, and that is where the advantage is right now. 

DYER: You show this difference bet^feen polishing by removal of the daamge 

layer with the acid and with the polisher. Have you any idea why that is? 
Why that tremendous difference? Can you give us some physical insight? 

SCHWUTTKE: Yes. I think it relates to the chemical potential around the crack 

tip. And if you use chemistry, then you lower the chemical potential and 
the crack continues to ru.i ahead of the etching front. If you do a more 
mechanical polishing you don't e.icounter this problem; you don't propagate 
the crack. So Syton is just fantastic. Syton seems to be able to recover 
the crystal without crack propagations. We are just lucky. 

UNO: We have the same problem. We do our chemical etching. Now what do you 
consider slow and fast? Is 25 microns per minute fast or slow? 
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SCHWUTTKE: That is fast. Slow, I'a talking about 2 aicrons per ainute. 

SCRHUTTKE: By the way, Peter (Ilea), looking at your picture yesterday: you 

indicated that you had an uneven surface where you were cutting chenically 
through the wat >r. ^ou indicated that you thou^t that this swy be re- 
lated to internal defects present in the Material. It is ay experience, 
and I have seen such surfaces as you showed, it is due to bubble foraation. 
And you also indicated that you have violent action of hydrogen. All that 
happens is that the iTjea seeas to fora bubbles on the internal sur- 
faces, and that's %ihere you get your uneven etching. 

CHEN: You have a beaut i.tul TEM picture of the crack on the saaple. Can you 

address, a little bit, the TEH saaple preparation — what are the thick- 
nesses of the saaples you prepared? 

-iCHHUTTRE: He are fortunate, we have a 200 kilowatt electron aicroscope, so I 

can penetrate more silicon than with a 100 kV. It aakes it siapler to 
display these cracks. 

CHEN: Do you have any other siaple aethod in use for crack exaaination? 

SCHUUTTRE: I have shotm you soae pictures, but this is really tedious work, 

as the SEM pictures I showed you where those splits opened up. They are 
very tedious. It's very tough. The best way to find cracks is really the 
transaission electron aicroscope. Because you have two crystal faces, no 
bonding between, so you just chase the thing down till you see a Hoire 
pattern, and you know you have a crack. To find these things — it took us 
tieeks and SK>nths the first tiae, when we attacked the problea, to see this 
tiny Noire pattern— but once you know what to look for they suddenly pop 
out all over the place. As I said, we even coae up with a aillion per 
square centimeter, but we never could find any before that. It's really a 
matter of knowing what to look for, like everything else, and then you 
suddenly see it. 
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